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The claustrum seems to have been waiting for the science of connectomics. Due
to its tiny size, the structure has remained remarkably difficult to study until modern
technological and mathematical advancements like graph theory, connectomics, diffusion
tensor imaging, HARDI, and excitotoxic lesioning. That does not mean, however, that
early methods allowed researchers to assess micro-connectomics. In fact, the claustrum
is such an enigma that the only things known for certain about it are its histology, and
that it is extraordinarily well connected. In this literature review, we provide background
details on the claustrum and the history of its study in the human and in other animal
species. By providing an explanation of the neuroimaging and histology methods have
been undertaken to study the claustrum thus far—and the conclusions these studies
have drawn—we illustrate this example of how the shift from micro-connectomics to
macro-connectomics advances the field of neuroscience and improves our capacity to
understand the brain.
Keywords: claustrum, connectomics, macro-scale, micro-scale, Wilson’s Disease, consciousness
INTRODUCTION
Macro-scale connectomics, the study of neuronal connections
between two or more regions of the brain, combines the princi-
ples of functional specialization and functional integration.While
there are only a mere 30,000–40,000 protein-encoding human
genes, and nearly 1.5 million single nucleotide polymorphisms
(SNPs), there may be an astonishing 1015 neuronal connections
in the human brain (Lander et al., 2001; Sporns et al., 2005).
Despite such complexity, the use of modern neuroimaging is ush-
ering in a new vision for describing the wiring of the brain. While
graph theory, diffusion imaging, and even functional imaging
are still in their relative infancy, researchers have never possessed
more appropriate tools for decoding the enigmas of the brain.
Connectomics analysis is particularly revelatory for small, highly
connected structures, like the claustrum.
Indeed, the claustrum serves as an informative case study for
examining the boon that connectomics research has brought to
the field of neuroscience; it has remained one of the most mys-
terious structures in the brain since the 17th century. Its name,
in fact, means “hidden away” (Crick and Koch, 2005). Now,
macro-scale connectomics allow for new analysis that may help
unlock the secrets of the enigmatic structure. In this literature
review, we discuss the limitations that have led to the claustrum
to be investigated through a connectomics lens in the human and
in other animal species, even before Sporns, Tononi, Hagmann,
Bullmore, and others launched the modern connectomics move-
ment. Our review includes descriptions of neuroimaging and
histology studies tracing claustral connectivity, its putative role(s)
in various neural systems, its reported influence in neurologi-
cal syndromes, and examines the recent flurry of interest in the
macro-connectomics of the claustrum.
BACKGROUND
The structure of the claustrum is visible as early as 1672 in
the drawings of Thomas Willis (Bayer and Altman, 1991) who
first proposed that higher cognitive functions arose from the
convolutions of the cerebral cortex, rather than the ventricles
(Molnár, 2004). Karl Friedrich Burdach, first described the claus-
trum (using the German word “vormauer”), however, in his
seminal work Von Baue und Leben des Gehirns, in the early 19th
century (Parent, 2012). Burdach himself credited the first illus-
trated depiction (Figure 1) of the structure to the 1786 drawings
by Marie-Antoinette’s personal physician, Félix Vicq-d’Azyr, who
not only discovered the substantia nigra, but also provided the
most detailed drawings of the basal ganglia of his time (Parent,
2012). Perhaps the first person to appreciate how crucial the
claustrum is in multi-modal processing was Theodor Meynert,
the director of the psychiatric clinic at the University of Vienna in
the late 19th century. Investigating aphasia, Meynert noted that
many post-mortem examinations of aphasic patients turned up
pathological changes between the insula and the Sylvian fissure.
The general belief at the time held that the entire cortex sur-
rounding the Sylvian fissure was dedicated to speech. Meynert
hypothesized that the claustrum contained an “acoustic field”
that corresponded to the beginning of the Acousticusstrang, or
“acoustic tract” (Eling, 1994). Information from the acoustic
nerve, he posited, was associated with the speech system through
spindle-shaped association cells in the claustrum, before being
transmitted to the Sylvian fissure. His evidence for this relation-
ship was the well-understood relationship between the claustrum
and other “association systems” in the brain (Eling, 1994).
Classification of the claustrum is not a straightforward process.
It cannot be accurately described as strictly cortical or subcortical,
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FIGURE 1 | Two early views of the brain which feature the human claustrum from Vicq D’Azyr’s Traité d’anatomie et de physiologie. Red boxes applied
by the authors to indicate the location of the left and right claustra.
as it possesses the laminar organization and characteristic pyra-
midal somata of cortical regions in Insectivora (Narkiewicz and
Mamos, 1990), but also contains some notably subcortical cell
types (Mathur et al., 2009). Although prominent researchers such
as Brodmann and Wernicke suggested that the claustrum repre-
sents the innermost layer of the insula due to its close proximity
(Landau, 1919) it is somewhat unsatisfactorily included as part of
the basal ganglia today. As a case in point, a search for the claus-
trum on PubMed will automatically also search for the broader
term “basal ganglia,” presumed to reflect the fact that claus-
tral afferent inputs are believed to be similar to the striatum,
although its efferents connect directly to the cortex without pass-
ing through a thalamic relay (Salerno et al., 1984). These efferent
connections have a relatively slow conduction speed, which sug-
gests they are small in diameter and/or poorly myelinated. More
recently, Pirone et al. (Pirone et al., 2012) have concluded that the
more likely ontological relationship of the human claustrum is
with insula, rather than basal ganglia, based on immunostaining
of human tissue. The detailed overview provided by Druga (2014)
indicates a pallial origin of the claustrum, whereas the striatum
appears to be of sub-pallial origin. Puelles (2014) notes that vari-
ous techniques throughout history have suggested the claustrum
could be derived from insular cortical strata, the subpalium/basal
ganglia, non-insular pallium, or even that different claustral sub-
divisions arose from distinct regions. He does, however, note
that recent genoarchitectonic and immunocytochemical investi-
gations seem to have reinstated the insular derivative theory. Not
only do these new investigations concur with the claustral differ-
ences noted in species with and without extreme capsules, they
also bolster the recent discussions of the role of the claustrum in
consciousness (see Methods for Studying the Claustrum, below),
since the insula itself has been recently implicated as a neural site
for conscious awareness (Craig, 2009).
Despite its considerable—and controversial—history, the
structure itself is diminutive (Figure 2A). As represented in the
Talairach and Tournoux (1988) atlas, the claustrum is located
medial to the insular cortex and lateral to the putamen from
between −4 and +16mm relative to the AC-PC plane. The
right claustrum has an approximate average surface area of
1551.15mm²and volume of 828.83mm3 while the left claustrum
has a surface area of 1439.16mm²and volume of 705.82mm3
(Kapakin, 2011). The noticeable asymmetry (Figure 2B) in struc-
ture, volume, and average anisotropy (Cao et al., 2003) may relate
to function, as the right claustrum, but not the left, has been
shown to react differently to congruent and incongruent stim-
uli (Naghavi et al., 2007). Although the fine-grained anatomy
of the claustrum in the human remains poorly understood, it is
reasonable to expect that there exist major divisions present as
in all of the species examined to date, i.e., a ventral, “endopiri-
form” and a dorsal “insular” component. Given a putative shared
history with the insula, neural sub-divisions may be present mir-
roring, in part, those of adjacent insular cortex (Puelles, 2014).
Thus, the claustrum is unlikely to function as a single uniform
body, per se, but have finely interconnected sub-divisions. Lastly,
it remains unclear whether blood arrives through the vessels pen-
etrating the insula (Edelstein and Denaro, 2004) or from the deep
and superficial sections of the middle cerebral artery (Crick and
Koch, 2005).
Embryonic observation shows that neurons settle in the claus-
trum 4–6 days after the peak of neurogenesis (Bayer and Altman,
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FIGURE 2 | (A) Axial post mortem anatomical view of the claustrum
(orange arrows; taken from the Rasmussen Neuroanatomical Collection
housed at the UCLA David Geffen School of Medicine, Los Angeles, CA),
and (B) a separate coronal view of the claustral body in the left hemisphere
from post-mortem tissue (orange arrows). Modern neuroimaging
computational segmentation algorithms do not consider the claustrum due
to the particular difficulty of extracting it from the surrounding tissues.
1991). As most structures do with age, the claustrum increases
in volume through middle age and decreases again in old age
(Wisco et al., 2008). It shares its ontogeny with the insular cor-
tex, but not with another of its neighbors, the putamen (Pirone
et al., 2012). The claustrum is very closely related to both the
insula and external capsule. In fact, removal of the white fibers
in the external capsule leads to the dorsal claustrum is also being
removed. Removing all the fibers from the external capsule that
merge in the dorsal claustrum leads to removal of the dorsal claus-
trum, leaving the putamen exposed, without a lateral covering
(Fernandez-Miranda et al., 2008b). The dorsal external capsule
is mainly composed of projection (intra-hemispheric cortico-
subcortical) and not association (intra-hemispheric inter-lobar
cortico-cortical) fibers (Fernandez-Miranda et al., 2008a).
METHODS FOR STUDYING THE CLAUSTRUM
The claustrum has been the subject of a relatively small body of
research, although the pace of research is increasing in today’s era
of diffusion imaging and macro-connectomics (Table 1). In fact,
many studies that mention the claustrum only find its involve-
ment to be a result of their research question, but do not intend
to focus on the structure, nor define it particularly carefully. Until
recently, the literature was predominantly composed of animal
studies (Table 2). Human in vivo claustrum studies seem to be
a phenomenon almost exclusive to the 21st century. While the
paucity of neuroimaging technology throughout most of history
can account in some part for the scarceness of claustral studies,
high-resolution imaging of other small, non-cortical structures
was undertaken far earlier. The majority of claustrum investi-
gations have examined the microscopic detail of the claustrum:
its neuronal composition (Sherk and LeVay, 1981; Bayer and
Altman, 1991; Mathur et al., 2009; Smythies et al., 2012b); its
afferents to a single cortical region (Edelstein and Denaro, 2004;
Smith et al., 2012); and its excitatory or inhibitory properties
(Sherk and LeVay, 1981; Shima et al., 1996). Only a relative few
at the time of this writing have attempted to create a macro-scale
picture of how the claustrum fits within a larger context—some
more recent studies attempt to discover its role in cortico-cortical
networks (Hadjikhani and Roland, 1998; Tanne-Gariepy et al.,
2002; Poeppl et al., 2014) or to understand its function by ana-
lyzing how it alters the electrical frequency of incoming signals
(Smythies et al., 2014).
Some unique characteristics have held back research of the
claustrum. It is important to note that imaging of the structure
is infamously challenging. Early neuroscientists often examined
the brains of the deceased in order to relate abnormalities with
some functional deficit the patient experienced during life. The
claustrum cannot be studied in this way, as researchers have yet
to induce a lesion affecting the claustrum without also affect-
ing neighboring structures, although some natural lesions have
been reported in epileptic subjects (Sperner et al., 1996; Duffau
et al., 2007). Even with the advent of histological staining tech-
niques, it is incredibly difficult to localize an injection in the
claustrum without some tracer spreading. The emergence of neu-
roimaging could not address this limitation of size, as fine-scale
structures such as the tiny claustrum can be severely distorted
by high-resolution MRI (Konukoglu et al., 2013). Conversely, the
claustrum is simply not visible in some low-resolution MR imag-
ing; Meng et al. note that in the developing brain the claustrum is
not visible even at 11.7-T MRI, but can be seen on T2-weighted
images at 7T (Meng et al., 2012). The difficulty of capturing the
claustrum has in fact helped researchers compute signal-to-noise
and contrast-to-noise ratios for image restoration because it can
only be seen under specific conditions (Konukoglu et al., 2013). In
terms of functional imaging, temporal resolution is already noto-
riously poor. It is not unusual for fMRI spatial resolution to be
larger than the width of the claustrum, and therefore attribut-
ing any function to just the claustrum runs the risk of ascribing
tasks actually carried out in the insula or external capsule to their
claustral neighbor. Such misattribution is particularly dangerous
in light of the suggestions that the claustrum and insula connect
to very different regions (Park et al., 2012).
Within the last 5 years, tractography studies of the claustrum
have been undertaken in hopes of obtaining a broader picture of
how the claustrum relates to the rest of the brain. An example ren-
dering based upon diffusion imaging of the claustrum is shown in
Figures 3A–D. Researchers have begun to examine how the claus-
trum connects functionally disparate cortical networks, and to
attempt to extrapolate from these individual examples a larger
idea of the role the claustrum plays in the brain. Presumably,
the logic of this is that the claustrum performs the same func-
tion for all networks in which it participates. The strategy for
assessing function seems to be to analyze networks and structures
that we understand well, and attribute any unexplainable inter-
action to the claustrum. This process creates a reactionary chain
of research in which one aspect of claustral function is asserted,
and then argued against with evidence from a different claustro-
cortical network. For example, the reciprocal connections from
the visual cortex to the claustrum have been used to suggest
segregation of function in the claustrum, and yet, analyses of
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multiple sensory networks has led researchers to conclude that the
claustrum functions primarily as a relay station between major
networks (Minciacchi et al., 1995).
After centuries of analyzing individual connections, connec-
tomics offers us the opportunity to analyze all connections to
and from the claustrum and determine the weight of influence
these have on the overall function of the structure. Such a gestalt
view could shed light on the role of the claustrum, perhaps even
providing a more precise definition of consciousness itself. Some
researchers have eschewed a formal definition of consciousness,
lest it result in biasing primary research or its results (Crick
and Koch, 1990), while others list necessary components—such
as an awareness of one’s own physical and sentient existence
(Craig, 2009), or varying awareness to unchanging stimuli (Blake
et al., 2014)—but researchers seem to agree that conscious pro-
cesses have access to a multitude of sensory information and
some processing capacity. Characterization of a network or region
in possession of these properties would almost certainly benefit
from some graph theoretical calculation of the relative weights of
network influence.
Still, reliance on newer investigative techniques will require an
accumulation of many large studies in order to find certitude in
our conclusions. In terms of DTI investigations, further knowl-
edge of the anatomy of multi-orientational fiber populations may
be necessary to increase accuracy; when axons are not oriented
in a coherent fashion, so that then the voxel-averaged estimate of
orientation cannot accurately summarize the orientation of the
underlying fibers, continuity may be assumed between the fibers
where there is none (Fernandez-Miranda et al., 2008a). Modern,
in vivo, human imaging studies of the claustrum still suffer from
low statistical power due to small sample sizes. Number of dif-
fusion directions, voxel size, magnetic field strength, and eddy
current correction will all need to be carefully controlled to obtain
accurate results in a structure so small. In the long-term, par-
cellation algorithms (like FreeSurfer reconstruction; http://surfer.
nmr.mgh.harvard.edu/) will need to become more precise if we
hope to perform population-level analyses of small structures.
STRUCTURAL MICRO-CONNECTOMICS
“The central rationale for human connectomics builds on the
premise that structural brain connectivity can serve as a basis
for understanding brain dynamics and behavior” (Behrens and
Sporns, 2012). Despite never having been subjected to network
theory analysis, many observations of connections between the
claustrum and individual regions or networks have helped estab-
lish some facts about claustral micro-connectomics. Hagmann
et al. (2008) have applied community detection or modularity
analysis to demonstrate—using diffusion imaging and resting
state functional MRI—that a close relationship exists between
structural connections and functional connections. Therefore, an
analysis of the structural connections of the claustrum ought to
allow us to hypothesize the functional role it may play in the net-
works to which it contributes. Functional imaging studies will be
discussed in the following section.
Inputs to the claustrum arrive from a plethora of brain
areas before being assimilated, integrated, and signals directed
to the claustrum (Edelstein and Denaro, 2004). These functions
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FIGURE 3 | (A–C) Views of a 64-direction diffusion tensor (DTI) fiber tract
reconstruction from a 3.0 Telsa Siemens MRI Trio scanner in an example
subject showing white matter pathways emanating from a the region of the
human claustrum. (D) The image shows a binary label mask drawn of the
left and right claustra on a T1-weighted image of the same subject.
allow rapid adaptation to nuanced changes in one’s environ-
ment. Intra-claustral interactions, which may involve dendro-
dendritic synapses and networks of gap junction-linked neurons,
are thought to be abundant (Smythies et al., 2012a,b), though the
presence of connexin proteins would be a prerequisite for such
networks which requires further exploration. Several authors have
also found connections to the corpus callosum and anterior com-
missure (Berke, 1960; Milardi et al., 2013), although there are
only one fifth as many contralateral projections as ipsilateral
ones (Markowitsch et al., 1984). There is substantial evidence
for claustrum-subcortical connections in the existing animal lit-
erature (for instance, in the cat, rat, and a range of insectivora,
respectively; Kaufman and Rosenquist, 1985; Sloniewski et al.,
1986a; Narkiewicz and Mamos, 1990; Dinopoulos et al., 1992),
though there is a paucity of similar findings from ex vivo studies of
humans. There is substantial evidence for claustrum-subcortical
connections in the existing animal literature, though there is a
paucity of similar findings from ex vivo studies of humans.
Whenmultiple inputs converge onto the claustrum, this results
in a new signal, which demonstrates integration (Edelstein and
Denaro, 2004). It is particularly useful in cross-modal match-
ing; for example, it is active when a subject sees and touches
something, but not active when two items are seen or two items
are touched (Arnow et al., 2002). Information can also be redi-
rected throughout the brain by this structure (Edelstein and
Denaro, 2004). In a study using macro-electrodes, the organiza-
tion of somatic sensory, auditory, and visual projections to the
claustrum were found to display heterotopic and multi-sensory
convergence characteristics (Spector et al., 1970). Responses differ
when the stimulus site or receiver site change, which indicates it is
a non-homogeneous multisensory structure with three electro-
physiologically distinct parts (Spector et al., 1970). Claustral
neurons appear to discriminate and associate between intermodal
and intra-modal sensory stimuli (Spector et al., 1974). The neu-
rons of the striate cortex and pyramidal tract show decreased
spontaneous firing during stimulation of the claustrum, which
indicates it may play a role in regulating afferent sensory infor-
mation (Edelstein and Denaro, 2004). Claustral cells themselves
display very low spontaneous discharge (Spector et al., 1974).
Connections to limbic regions seem to indicate that the claus-
trum possesses other functions beyond sensory integration. The
amount of intra-modal branched inputs is higher in the claus-
trum than in relay nuclei, which indicates that the claustrummust
do more than simply relay information (Minciacchi et al., 1995).
Zingg et al. (2014) suggest that the claustrum may provide addi-
tional means of direct interaction between neural sub-networks.
The structure and function of claustral connections may differ
to some extent between genders. For example, the claustrum it
is active during penile stimulation, but not clitoral stimulation
(Georgiadis et al., 2009), and the level of activation corresponds
to turgidity of the penis (Arnow et al., 2002). In fact, the claus-
trum and the brain stem are the only two brain regions active
in males during sexual arousal, but inactive during competitive
arousal (Redoute et al., 2000).
While the claustrum as a whole is known for multimodal pro-
cessing, most neurons within it are not multisensory processors
(Remedios et al., 2010). Because of this, it has been implied that
perhaps claustrum synchronizes cortical regions that are respon-
sible for bilaterally coordinated behaviors such as eye movements
without actually changing the data being shuttled through itself
(Smith and Alloway, 2010). Another hypothesis is that the claus-
trum seems to work to counterbalance the homunculus of the
brain; overrepresented regions in S1 and V1 are relatively under-
represented in the claustrum and a preference exists for retinal
periphery representation (LeVay and Sherk, 1981b; Minciacchi
et al., 1995). Sherk and LeVay suggest that claustral efferents serve
as inhibitors in order to shape the receptive field properties of
cortical neurons (Sherk and LeVay, 1981; Shima et al., 1996).
Furthermore, the claustrum may play a crucial role in plasticity
and reorganization. Such a function would require the claustrum
to recognize the unknown modular specific code carried by an
afferent axon, or require claustral efferent to return to the same
neuron (or neuronal group) that gave rise to the afferent axon
(Smythies et al., 2012b).
Micro-connectomics of the claustrumwas, until fairly recently,
largely studied through retrograde tract-tracing, since the prox-
imity of the claustrum to other areas makes placement of strictly
claustral anatomical tracers incredibly imprecise. Unfortunately,
retrograde tract-tracing requires clearly defined anatomical
boundaries, which are still under investigation in the claustrum
(Mathur et al., 2009).
MACRO-CONNECTOMICS
Sexuality studies may offer the easiest starting point for under-
standing the interactions between claustrocortical regions. Firstly,
the claustrum is activated during penile, but not clitoral arousal
(Georgiadis et al., 2009). Men and women tend to experience
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sexual arousal differently in response to visual stimuli, with
one of the most notable differences being that visual stimula-
tion is associated more with male arousal (Redoute et al., 2000;
Hamann et al., 2004)—though this assumption has recently been
questioned by Rupp and Wallen (2008). Arnow et al. (2002)
suggest the claustrum may facilitate reflexive cross-modal trans-
fer of visual input to imagined tactile (penile) stimulation. In
both PET and fMRI investigations, claustrum activation corre-
sponded to penile turgidity with statistical significance (Arnow
et al., 2002; Stoleru et al., 2012). There is some question whether
such activation is specific to sexual arousal, or may be indicative
of more broad motivational processing; some imaging has shown
claustral activation correlated with thirst, hunger, and emotional
motivation (Stoleru et al., 2012).
A further breakdown of this relationship has been undertaken
to separate sub-networks in which the claustrum participates
during co-activation of the networks. It was demonstrated psy-
chosexual arousal was characterized by lateral prefrontal cortex,
superior parietal lobule, and medial and inferior frontal gyri
(all bilaterally), while physiosexual arousal was characterized
by anterior cingulate cortex (which the authors consider to be
alternatively called ventromedial prefrontal cortex and medial
orbitofrontal cortex) (Poeppl et al., 2014). The one region that
was activated during both types of arousal was the claustrum.
Furthermore, the right claustrum/insula was the only field shown
to be involved in visual-tactile stimulation, but not activated in
either pure tactile or pure visual stimulation (Hadjikhani and
Roland, 1998). Due to observational analysis, researchers have
long suspected that sexual stimuli and autonomic processes must
be linked in the brain in a way that allows for two-way com-
munication, and meta-analytic review suggests this link may be
the claustrum and the putamen. Given its multimodal, cortical
and cross-cortical connections, the claustrum seems like a viable
candidate for cross-modal matching, such that modality-specific
areas can communicate with the claustrum via unimodal con-
nections, which can then be exchanged and altered to output a
novel unimodal signal (Smythies et al., 2014). Additional func-
tional imaging investigations of sexual arousal at ultra-high field
and spatial resolution would provide confirmation of the psy-
chophysiological role of the claustrum in concert with other brain
regions believed to be different between males and females.
Claustral activation also occurs during identification of the use
of a fluency heuristic, and may imply that the prioritization of
certain inputs, along with the priming effect, may be driven or
mediated despite its modest structural size (Volz et al., 2010). It
has also been implicated in learning; the insula and claustrum are
BOLD-activated during active, but not passive learning (Kersey
and James, 2013). Given the prevalence of claustral abnormalities
in memory disorders, the role of the claustrum in the creation of
fluency heuristics may be due to its involvement in recall. If the
conclusions about sensory integration are correct, an aclaustral
subject could still respond to isolated stimuli, but would not be
able to process complex ones or to coordinate the synchronization
of inputs from multiple modalities (Crick and Koch, 2005).
In an fMRI study of musicians, Fauvel et al. (2014) found that
the bilateral claustrum was functionally connected with the right
inferior orbitofrontal gyrus at rest, and formed a resting-state
executive control network. The authors suggested that the net-
work integrates emotion aroused by the auditory stimuli in
order to drive planning of future motor sequences that would
continue to arouse the appropriate emotionalism in the music,
although admitted that their functional conclusions were merely
hypothetical.
Electrolytic lesions and ablations of the claustrum inhibit con-
ditioned activity. Electrical stimulation can lead to salivation,
tongue movements, blinking, and swallowing, and contralat-
eral upper extremity motions, although results differ between
stimulation of the claustral-putamen pathway and the claustral-
amygdala pathway (Edelstein and Denaro, 2004). Stimulation can
also increase spinal reflexes. Pupillary dilation, licking, swallow-
ing, shivering, and ear movement have been affected by claustral
lesions in cats. Lesions of the left claustrum specifically lead
to eyelid twitching, myoclonic jerking, and convulsive seizures,
although one must remember lesion studies in small structures
are more susceptible to downstream effects and other errors
(Wada and Tsuchimochi, 1997).
CLINICAL SYNDROMES ASSOCIATED WITH CLAUSTRAL
DAMAGE AND DYSFUNCTION
Table 3 lists the studies of clinical conditions where the claus-
trum has been implicated, along with the suspected means of
claustral involvement. It is important to note that no clinical stud-
ies have been able to isolate the claustrum as the only region of
involvement. This may support the idea that dysfunction in the
claustrum results primarily in network disruption, rather than a
specific functional deficit.
This diminutive structure has been investigated for its poten-
tial role in seizure generalization (Fernandez-Miranda et al.,
2008b). It is thought that epileptoform propagation from lim-
bic sites may be linked to the motor cortex via the claustrum
(Mohapel et al., 2000). A case study was conducted on a 12-year-
old girl who presented with status epilepticus (multiple, repeated
complex partial and myoclonic seizures occurred in the upper
extremities and face with orofacial automatisms, eye deviation,
and nystagmus) displaying psychotic behavior with agitation,
severe cognitive impairment and temporary loss of vision, hear-
ing and speech, as well as loss of orientation in time and place.
Bilateral, strip-like lesions were discovered in T1 and T2 images
of her claustrum and external capsule. The case indicates that
lesions of the claustrum function more like gray matter disease
than white matter disease. Additionally, the case study implies
a functional correlation between seizures, behavioral state, and
abnormalities in the claustrum (Sperner et al., 1996).
In contrast, unilateral removal of the claustrum did not lead
to sensorimotor or cognitive impairment in patients receiving
surgery for low-grade cerebral glioma (Duffau et al., 2007). So,
perhaps the claustrum operates as part of a network or networks,
rather than as the epicenter of a network.
The most common clinical association is the effect of the
claustrum on memory. Claustral amyloid plaques accumulation
has been implicated in the outcomes of Alzheimer’s disease and
aging (Morys et al., 1994; Fernandez-Miranda et al., 2008b).
These amyloid deposits seem to cluster in the ventral claustrum,
and may disrupt limbic connections (Morys et al., 1994). These
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Table 3 | Clinical syndromes with putative claustral involvement.
Clinical diagnosis Lead author Suspected role of claustrum
AIDS Kozlowski
(Kozlowski et al., 1997)
Regional reduction in claustral volume
Alzheimer’s disease (AD) Ogomori
(Ogomori et al., 1989)
Claustral amyloid plaques present in 100% of AD patients studied, mostly
type 2 plaques
Bipolar Selvaraj
(Selvaraj et al., 2012)
Reduced GM in the right claustrum
Chen
(Chen et al., 2012)
Increase in GM volume in the left claustrum
Ford
(Ford et al., 2013)
Default mode network activation in the right putamen, claustrum, and insula
correlates positively with the Bipolarity Index
Dementia with Lewy Bodies
(LBD)
Yamamoto
(Yamamoto et al., 2007)
LB scores in the claustrum are lower than in the insular and inferior temporal
cortices and amygdala, but higher than in the BA17, precentral, postcentral,
and transverse temporal cortices
Extended Psychosis Phenotype Jacobson-McEwen
(Jacobson McEwen et al., 2014)
Weaker intrinsic functional connectivity (iFC) between the claustrum and
dorsal anterior cingulate cortex
HIV Smith
(Smith et al., 2000)
Regional increase in normal white matter in claustrum sub-nuclear white
matter
HIV-Encephalitis Sevigny
(Sevigny et al., 2005)
Astrogliosis of the claustrum and other basal ganglia
Multiple Sclerosis Klaver
(Klaver et al., 2013)
Demyelination of the claustrum found in MS patients
Parkinson’s Kalaitzakis
(Kalaitzakis et al., 2009)
Claustral αSyn positivity in 75% of non-demented cases, but 100% of
patients with dementia (Parkinson’s w/dementia or DLB)
Schizophrenia Shapleske
(Shapleske et al., 2002)
White matter excess in the claustrum is correlated with hallucinations in
schizophrenia
Cascella
(Cascella et al., 2011)
Severity of delusions is correlated with reduction in left claustral volume
Kong
(Kong et al., 2012)
GM decrease in the claustrum correlates ositively with neurlogical soft signs
Seizures Wada
(Wada and Kudo, 1997)
Lesioning of the left claustrum led to bilateral eyelid twitching, myoclonic
jerking, and eventually convulsive seizures
Transitory encephalopathy Sperner
(Sperner et al., 1996)
Epilepsy and psychotic disturbance was associated with bilateral lesions of
the claustrum
Wilson’s disease Sener
(Sener, 1998)
Bilateral claustrum brighter and thicker in T1 (see also King et al.)
Sener
(Sener, 1993)
T2 hyperintensity in the claustrum—the “bright claustrum sign”—is a marker
of the disease
changes in the claustrum associated with aging, however, are
subtle, appearing several years after those in the cerebral cortex
become apparent. The claustrum has also been examined in cases
of memory impairment associated with HIV, AIDS, Parkinson’s,
and Dementia with Lewy Bodies (DLB) (Kozlowski et al., 1997;
Yamamoto et al., 2007; Smith et al., 2008; Kalaitzakis et al., 2009).
Other neurological conditions have been examined in the
claustrum as well. Negative correlations between anhedonia and
metabolism in the claustrum have been shown in both patients
with unipolar depression and bipolar disorder (BD), which may
be part of overall enlargement of the basal ganglia and increase
in claustral GM volume in BD (Chen et al., 2011). Such factors
may be the result of differences in pruning between diseased and
healthy populations. Severity of delusions in schizophrenia is cor-
related with the reduction in left claustral volume (Cascella et al.,
2011) and schizophrenia patients with hallucinations show signs
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of white matter excesses (Shapleske et al., 2002). The claustrum is
alternately reported as spared from insular gliomas, or commonly
found to be invaded by such tumors (Fernandez-Miranda et al.,
2008a).
In Wilson’s disease, abnormal brightness of T2-weighted
images in the claustrum is considered one of the markers of the
disease though its effects may be misattributed in the literature to
its close neighbor, the putamen (Sener, 1993; King et al., 1996).
In fact, Wilson himself cited the possible role of the claustrum in
his initial description of the disease in 1912 (though he referred
to it as “Progressive Lenticular Degeneration”) (Wilson, 1912;
Sener, 1993). The disease, which is invariably fatal without inter-
vention, is caused by high copper levels—and sometimes iron
levels—in the brain, particularly in the basal ganglia. Symptoms
include bilateral tremors of the extremities, spasticity of the limbs
and face, emaciation, dysphagia, dysarthria, emotionalism, and
difficulty maintaining equilibrium (Wilson, 1912).
CLAUSTRAL INVOLVEMENT IN NEURAL SYSTEMS
Based on the summation of the micro-connectomics information
gathered from centuries of histology, structural imaging, func-
tional imaging, and clinical pathology studies, interactions have
been proposed between the claustrum and every major sensory
network. The extent to which these networks rely on the function
of the claustrum, or to which the claustrum relies on information
from these networks, remains to be investigated.
VISUAL
Claustral neurons are overwhelmingly binocular; 84% respond to
stimuli from either eye, while only 40% of overall cortical neurons
do (Sherk and LeVay, 1981). Responses in the claustrum to photic
stimuli can be abolished by lesioning the lateral geniculate nucleus
(LGN) (Edelstein and Denaro, 2004). V1 connections may not be
reciprocal, as connections from V1 to the claustrum in macaques
have not been reported (Crick and Koch, 2005).
Cortico-claustral connections from layer VI reach layer IV
through the claustrum, creating an alternative route to the direct
projection from layer VI to layer IV (LeVay and Sherk, 1981a).
In the contralateral half of the visual field, the upper fields map
to the caudal region of the claustrum, while the lower ones map
rostrally. The far periphery can be mapped to the claustral sur-
face, while the vertical meridian lies at the lower limit of the
visual region. A single representation of the visual hemi-field
exists as a unified map without discontinuities or duplications in
the claustrum (LeVay and Sherk, 1981b).
AUDITORY
The medial ectosylvian gyrus (AII) relays information from the
medial geniculate nucleus to the claustrum. In fact, ablation of
the entire AII results in a lack of claustral response to MGN
stimulation (Edelstein and Denaro, 2004).
MOTOR
Functional localization has not been demonstrated in the claus-
trum, so it is unlikely that the claustrum can influence specific
muscular groups (Salerno et al., 1984).
The claustral loop to the striate cortex is involved in motion
detection, but cannot discriminate the direction of motion
(Edelstein and Denaro, 2004). Most (approximately 70%) of
movement-related neurons increased discharge regardless of
whether the motion was a push, a pull, or a turn, while only 16%
were selective to one movement. This differs from the specificity
of the motor cortex itself, in which about half of the neurons are
responsive to a single motion (Shima et al., 1996). This may be
indicative of a high degree of convergence of inputs. This lack of
selectivity, along with the presence of inhibitory efferents, may
suggest that the claustrum generally suppresses cortical activity
immediately before the initiation of movement.
Projections to M1, pre-SMA, SMA-proper, and various subdi-
visions of PM and area 46 emanate from the entire rostro-caudal
extent of the claustrum, with no distinct topographic or somato-
topic organization. Along the dorso-ventral axis, however, these
projections tend to originate in the dorsal or intermediate claus-
trum (Tanne-Gariepy et al., 2002). There is overlap of region of
origin in most motor areas, but Pre-SMA and SMA-proper both
uniquely show local segregation through inter-digitations. Area
46 also receives projections from the most ventral portion of the
caudal claustrum, which sends minor projections to M1, the sub-
areas of PM, pre-SMA, and SMA-proper (Tanne-Gariepy et al.,
2002). M1 projections to the claustrum are then projected to
S1, indicating a role in sensorimotor coordination (Smith et al.,
2012).
In terms of oculomotor control, the mid-ventral claustrum
receives projections from the frontal eye fields, and is organized
topographically according to the size of saccades (Tanne-Gariepy
et al., 2002).
SOMATOSENSORY
While there is general agreement on its heterotopic organization,
there is no apparent somatotopic organization of the claustrum
(Spector et al., 1974). Some somatic afferents to the claustrum are
conveyed via the posterior spinal funiculi fibers. In addition, the
anterior ectosylvian gyrus (SII) relays information from the ven-
tral posterolateral nucleus (VPL) to the claustrum. Lesions in the
VPL lead to reduced responsivity of the claustrum to skin stimu-
lation. Marked claustral activity was noted in response to stimuli
in somatic-vagal-tooth pulp. This may be indicative of trigeminal
projections similar to those noted in other structures of the basal
ganglia (Edelstein and Denaro, 2004).
LOOKING TOWARD THE FUTURE
Studying connectomics will improve the quality of human brain
research. Firstly, connection profiles contain valuable information
about a brain region. In fact, anatomical delineations between
brain regions can be drawn out by examining which structural
elements share similar long-range connections that differ from
the connection profiles of other structures. Therefore, connec-
tomics analysis could be a valuable tool in creating a reliable
white matter atlas, a resource that does not currently exist. In
fact, there is not even a universally agreed upon system of cortical
parcellation (Sporns et al., 2005).
At present, the rapid proliferation of claustrum research seems
to be mostly composed of macro-connectomics approaches, such
as HARDI, DTI, and functional imaging. Shifting the focus, how-
ever, frommicro to macro is not likely to solve all of the mysteries
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of the relationship between brain structure and function. Sporns
and Tononi, in their noteworthy paper introducing the concept
of the connectome, have argued that scientists would not be able
to map structure to function in the human brain without a com-
prehensive connectional model (Sporns et al., 2005). A complete
biophysical model of the human connectome, however, would
“provide a unified, time-invariant, and readily available neu-
roinformatics resource that could be used in virtually all areas
of experimental and theoretical neuroscience.” Several maps of
the human macro-scale structural connectome have been pre-
sented, (Irimia et al., 2012a,b; Barch et al., 2013; Ugurbil et al.,
2013; Van Essen et al., 2013) with additional multimodal atlases
forthcoming (Amunts et al., 2014). Yet, defining which clusters
of connections comprise a sub-networks and determining the
hierarchy of which networks depend on each other will take a
lot of additional time and analysis of both the macro- and the
micro-scale.
Micro-scale approaches to assessing connectivity have several
shortcomings, although most of these can be mitigated by com-
biningmicro- andmacro-scale approaches. Assessments of differ-
ences in network theory measures, such as betweenness centrality
and assortativity, are difficult to translate into clinically rele-
vant knowledge (Johansen-Berg, 2013). Histological attempts to
study connectomics often neglect to take into account the differ-
ence in tissue size, behavior, and integrity caused by observation
and intervention. Where histology tends to underestimate axonal
properties, micro-structural observations from tractography data
tend to be heavily influenced by the parameters of reconstruc-
tion chosen by the researcher (Assaf et al., 2013). Therefore, the
combination of macro- and micro-scale connectomics allows for
validation of statistics which tend to be particularly prone to
error; crossing fibers, a perennial problem for tractography analy-
sis, can be separated according to micro-structural characteristics
such as axon diameter in order to increase the validity of diffu-
sion data. Not only does this combination improve the accuracy
of existing data analytic techniques, but a combinatory approach
also opens the door to new, more complex and multi-scaled anal-
yses. Localized data can be applied to estimation of conduction
velocity, which helps in assigning network weight (Johansen-
Berg, 2013). Merging EEG and fMRI data with tractography and
histology would allow us to take functional research conclusions
out of the realm of correlation and start to understand the cau-
sation of the data patterns that have emerged in fMRI research.
Uniting the two methods would undoubtedly generate further
about the interplay of overlapping networks in the human brain
(Assaf et al., 2013).
The claustrum appears ideally suited for synthesizing multi-
modal data because it appears to be the infrastructure through
which sub-networks communicate. Since its discovery, its func-
tion was assumed to be connecting disparate cortical areas.
However, using modern functional imaging methods, it is highly
challenging to link behavioral function to such a diminutive
region. Among the most relied upon approaches to inferring its
function have been by assessing its connections, interactions, cell
types, and shape to draw inferences which can be quantified.
For a combinatory connectomics analysis to succeed in the
claustrum, changes will need to occur in the neuroimaging status
quo. The claustrum literature is woefully lacking in vivo imag-
ing, as well as human imaging. Regardless of species, sample sizes
will need to increase dramatically, in order to help overcome
the problem of individual differences that plagues neuroimag-
ing data. Intra-individual differences should also be addressed, as
there have been very few adjustments made to account for the
growing evidence that connectivity is state-dependent. In small
structures, tweaks in an imaging protocol can have a far more
pronounced affect; therefore, it is vital that claustrum studies uti-
lize the highest available resolution of MR images, and the highest
number diffusion gradients. Including a claustrum label in any
of the parcellation software atlases would drastically improve the
reliability of the literature.
CONCLUSIONS
After centuries of research and much recent interest, a compre-
hensive theory of the claustrum’s role in the brain and its sen-
sory sub-networks remains lacking. Yet, the field of macro-scale
connectomics—made possible through the refinement of neu-
roimaging and computational methods—provides a new basis
for exploring intricate patterns of neural wiring and has already
enabled broad-scale exploration of many major brain structures
and pathways. The advancing sophistication of brain imaging
and computational approaches is ideally suited for understand-
ing the relative connectomics contributions of smaller brain
regions which have only begun to be examined via brain mapping
methods. Even the seemingly simple mathematical question of
whether the claustrum is more crucial in inter- or intra- network
connectivity remains unanswered and worthy of examination.
Understanding whether the claustrum participates in each sub-
network to an equal quantitative extent would allow assessment of
whether the structure performs a single function for each network
or multiple functions, unique to each network. Comparison of
claustral network metrics throughout human development could
illuminate considerable information about the establishment and
re-enforcement of inter- and intra-hemispheric communication.
Finally, macro-connectomics analysis of a region of such growing
popularity could set a leading precedent for investigating small
structures and sub-structures of the brain.
In conclusion, the purpose of the claustrum—of interest to
brain science for centuries—stands a chance of being unlocked
through the use of macro-scale connectomics methods. While the
study of neuronal connections is far from novel, the increasingly
complex statistical algorithms for understanding the functions of
network-wide interactions remain in their infancy. Furthermore,
studies which combinemicroscopic detail withmacro-scale inves-
tigation of multiple brain regions remain rare at present, if not
unheard of. Such a wide scope of analysis would likely enhance
the knowledge of almost any brain region; however, the putatively
abstract and as yet unconfirmed role of the claustrum, beyond
when considered in isolation, poses a valuable opportunity for
connectomic analysis to break new ground and demonstrate its
function by evaluating this stubbornly enigmatic structure across
all scales. Likewise, multi-scale analysis of this under-appreciated
brain region could demonstrate how much more robust our
understanding becomes when networks and sub-networks are
considered at all levels, rather than assuming that we can achieve
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this understanding through an additive process of examining
individual micro-scale architecture. It is true that connectomic
analysis is already enhancing our understanding of the brain. Yet,
the advantages of these computational approaches seem under-
whelming when merely used to recapitulate understanding of
established networks. It remains unlikely—with contemporary
technologies alone—that this mysterious strip of non-cortical,
non-subcortical matter nestled deep within the cerebrum will
ever be understood without applying connectomic network the-
ory at the broadest possible scales.
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